The construction and operation of a Penning ion trap is described in which the trapping field is provided by a cladded NdFeB permanent magnet. Studies with atomic ions show that the trap can provide stable ion confinement for extended periods ͑տ100 ms͒ making it suitable for use in a wide variety of applications. Use of the trap to measure the lifetime of excited SF 6 Ϫ * and C 7 F 14 Ϫ * ions produced in Rydberg atom collisions is briefly discussed.
I. INTRODUCTION
The trapping of atomic and molecular ions is frequently required to enable precise spectroscopic measurements or for studies of their lifetimes and collisional properties. Such trapping can be achieved using a variety of different techniques but the most popular approaches involve the use of either a Penning trap or a Paul trap. 1 In the Paul trap, ions are trapped in a pseudopotential well established by application of a rf field between a ring and two end cap electrodes. In a Penning trap, confinement is obtained by the combination of a static electric field between the ring and end cap electrodes together with a strong axial magnetic field. The Penning trap has the advantage that it avoids the ''rf heating'' observed in Paul traps but has the disadvantage that it requires a strong homogeneous magnetic field. Typically this field is generated using current carrying coils. However, the necessary currents are large, which leads to significant power dissipation and heating unless superconducting coils are used, which adds to the cost and complexity of the apparatus. With the advent of rare earth permanent magnets that provide large intrinsic magnetic moments per unit volume coupled with extremely high resistance to demagnetization, it is now possible to generate very strong homogeneous magnetic fields of up to ϳ1 T over sizable volumes. 2 Furthermore, by use of so-called cladding magnets, it is possible to confine this field to within some desired volume and to limit the stray fields outside it. Here we describe the construction and operation of a Penning trap in which the trapping field is provided by a cladded NdFeB permanent magnet structure. 3 This trap, which was developed to study the lifetimes and chemical properties of a variety of complex negative ions, provides stable confinement for extended periods ͑Ͼ100 ms͒ and is suitable for use in a wide range of applications.
II. APPARATUS
The present trap is shown schematically in Fig. 1 . It comprises a central cylindrical electrode at the ends of which are planar electrodes that each contain fine mesh grids to permit ions to enter and exit the trap. These electrodes are constructed of OFHC copper and are immersed in a uniform axial magnetic field Bϭ0.3 T produced by the arrangement of permanent magnets shown. The ͑negative͒ ions are confined to the center of the trap along the z axis by biasing the cylindrical electrode positive with respect to the end electrodes. The magnetic field provides confinement in the transverse xy plane. Ions stored in the trap execute a combination of cyclotron, axial, and magnetron motions that have been analyzed by a number of authors. 4 To achieve stable trapping the cyclotron frequency must be substantially higher than the axial frequency.
The NdFeB permanent magnet used to provide the trapping field comprises a series of axially symmetric elements magnetized in the directions indicated by the arrows in Fig.  1 . Each element is made up of a series of segments that are bonded together using a vacuum-compatible epoxy. These are in turn bonded into three separate aluminum housings, one that contains the central cylindrical ''barrel'' of the magnet, and two that contain the end caps. The end cap and barrel assemblies are held together by a series of screws. The magnet was designed using finite element analysis and is patterned after a design originally developed to focus the electron beam in a microwave klystron. 5, 6 Operation of the magnet can be understood by analogy to electrical circuits. NdFeB magnets can be regarded as sources of magnetomotive force, high-permeability materials such as soft iron as near-perfect flux conductors, i.e., as magnetic equipotentials. 5, 7 The magnetic flux in the trapping volume is provided by the axially magnetized annular magnet labeled A. This flux is transported there using the two soft iron discs labeled X and Y. The additional magnets labeled B through G act as cladding to confine the flux produced by magnet A to the trapping volume and to minimize the flux external to the magnet. The flux in the trapping volume, given by B T A T , where B T is the required flux density and A T its cross sectional area, is then equal to the flux generated by magnet A, B m A m , where B m is the flux density in the magnet and A m its cross sectional area. In essence, magnet A and the two soft ion disks form the magnetic equivalent of a parallel plate capacitor. The disks serve as magnetic equipotentials and field uniformity is maintained by the linear variation in magnetic potential along magnet A, which behaves as a series of ''guard rings.'' The cladding magnets limit the external flux by arranging that the outer surface of the magnet is a magnetic equipotential, equal to that at the midpoint P of magnet A. For every other point S on the outer surface of the magnet to be at this potential, the thickness and magnetization of the cladding magnet must be such that the line integral of the magnetic field H ជ from point P to point S is zero. Consideration of the path P→Q→S shown in Fig. 1 requires that the line integrals of H ជ from P→Q and Q→S be equal but opposite leading to a linear variation in the required thickness of the cladding magnets labeled B and C along the trap axis. Magnets D and E provide cladding for the ends of the magnet. The outer surfaces of magnets F and G are not true magnetic equipotentials but they serve to limit the flux emanating from the corners of the magnet. The magnet has 1.5-cm-diam holes in each end to allow ions to enter and exit the trap.
The field produced by the magnet was measured using a Hall probe and is shown in Fig. 1͑b͒ as a function of position along its axis. As expected, the field inside the trapping volume is very uniform but undergoes a dramatic reversal inside the end cladding magnets D and E. Outside the magnet, however, the field drops rapidly to near zero. In practice, the fields external to the magnet were further reduced by enclosing it in a -metal can.
III. EXPERIMENTAL METHOD
The apparatus used to evaluate the performance of the trap is shown schematically in Fig. 2 . The negative ions are created by dissociative or nondissociative electron transfer in collisions with high-n Rydberg atoms. 8 The Rydberg atoms are produced by photoexciting potassium atoms contained in a collimated beam to a selected np state using the crossed output of an extracavity-doubled CR699-21 Rh6G dye laser. Experiments are conducted in a pulsed mode. The laser output is chopped into a train of pulses of ϳ1 s duration using an A -O modulator. Excitation occurs in ͑near͒ zero electric field and in the presence of target gas ͑density Շ3 ϫ10 10 cm Ϫ3 ͒ near the center of an interaction region defined by two grounded fine-mesh copper grids. Following excitation a small ϩ4 -6 V ion extraction pulse is applied to the lower grid. Positive ions exit via the upper grid and, after transversing a drift region, are detected by a position sensitive detector ͑PSD͒. Negative ions exit through the lower grid. To obtain a well-defined pulse of negative ions, the duration of the extraction pulse is chosen such that only those ions formed within ϳ6 s of initial laser excitation are able to pass through the lower grid before its bias is switched to Ϫ2 V, which prevents the escape of negative ions created in subsequent Rydberg atom collisions. ͑The lower grid is grounded again a few microseconds before the next laser pulse.͒ The extracted ions are accelerated into a first drift region, typically held at ϩ100 V. They then enter a second drift region that transports them into the differentially pumped trap through the strong field inhomogeneties associated with the end cladding magnet. This region is typically maintained at ϩ140 V to limit deflection of the incident ions and contains a 4-mm-diam aperture at its exit, which serves as the entrance aperture to the trap. The ions are decelerated as they enter the trap by the potential of ϩ20 V initially applied to the entrance grid. The cylindrical electrode and exit grid are held at their normal operating voltages of ϩ4 V and Ϫ5 V, respectively. When the ions are near the center of the trap the voltage on the entrance grid is switched to Ϫ5 V to trap them. As will be discussed, the timing of this switch determines whether or not the ions will be trapped and, if so, their mean kinetic energy and the volume that they occupy in the trap.
Those ions that remain in the trap at some later time are extracted by application of a ϩ400 V pulse to the exit grid. The emergent ions enter the exit drift region, the elements of which are held at ϩ550 V, and after further acceleration are detected by a second PSD that records their arrival times and positions. The probability that an ion is injected into the trap following any laser pulse is kept low, Շ0.1, to ensure that two ions do not arrive simultaneously at the PSD which would result in a spurious position output. Ion arrival time and position distributions are measured by accumulating data following many laser pulses. The arrival time distribution provides information on the initial axial distribution of ions in the trap at the time the extraction pulse is applied. The arrival position distribution gives their radial distribution and furnishes a valuable diagnostic to check that the stored ions are indeed confined close to the axis of the trap and can thus pass through the 1.5-cm-diam exit drift region without loss.
The trap operating conditions were selected with the aid of ion trajectory simulations and were designed to provide stable confinement of the incident ions in a small volume near the center of the trap, and to keep the kinetic energy of the trapped ions low to minimize effects such as collisional excitation or collisional detachment. An important parameter determining the trapping efficiency and volume is the time at which the potential on the entrance grid is switched from ϩ20 V to Ϫ5 V. This is illustrated in Fig. 3 , which shows the results of representative ion trajectory calculations undertaken for SF 6 Ϫ ions. These simulations model ion trajectories from the time the extraction field is applied in the interaction region until the ion is either lost by striking a wall of the trap or is extracted to be detected by the PSD. The simulations assume the presence of a uniform magnetic field in the trap between the entrance and exit grids. However, it was not possible to model the strong field inhomogeneities present at the entrance ͑and exit͒ of the magnet.
For the present bias conditions, i.e., with ϩ100 V and ϩ140 V applied to the first and second drift regions, respectively, the (SF 6 Ϫ ) ion flight time from the interaction region is such that the ions pass through the trap entrance grid at a time t E ϳ25 s. Subsequent ion trajectories in the trap are shown in Fig. 3 for several values of the time delay ⌬tϭt S Ϫt E , where t S is the time at which the potential on the entrance grid is switched to ''close'' the trap. It is assumed that the potential on the exit grid is switched to ϩ400 V at t 0 ϭ1 ms to extract the trapped ions. The calculated trajectories are for ions injected 2 mm off axis, i.e., at the edge of the entrance aperture, traveling parallel to the trap axis. ͑As will be demonstrated, ion deflection in the entrance and exit drift regions is small.͒ With an optimum choice of time delay ⌬t, ϳ37.5 s, entering ions can be confined to a small volume near the center of the trap and efficiently extracted. The kinetic energy of the ion varies with position in the trap but is computed to have a maximum value Շ1 eV. Stable trapping can be obtained for a sizable range of time delays about this optimum value, although the trapping volume is larger and the trapped ions have a somewhat broader range of kinetic energies. Measurements of the number of trapped ions and their radial distribution as a function of the time delay ⌬t confirmed the predictions of the ion trajectory simulations.
Ions stored in the trap undergo axial oscillations with a time period T A ͑for SF 6 Ϫ ͒ of ϳ110 s. ͑This is significantly longer than the time period T c ϳ33 s associated with cyclotron motion, as is required for stable trapping.͒ This motion is apparent in Fig. 4 , which shows measured ion arrival time distributions at the PSD for different storage times. The time axis represents the time delay between application of the ϩ400 V extraction pulse and ion arrival at the PSD. The first profile in Fig. 4 corresponds to the situation where the ions are initially located close to the exit grid. They thus exit quickly and arrive at the PSD after only a short delay resulting in a narrow arrival time distribution. As the trapping time is increased the ions move back towards the entrance grid and, after half an axial period, reach the other extreme of their motion. Upon application of the extraction pulse they have further to travel to exit the trap leading to a significantly longer time delay before their detection. A further half-axial period later the ions are again close to the exit grid and their travel time to the PSD is once more short. As the ion storage time is increased, trap anharmonicities lead to a broadening of the spatial distribution of ions in the trap but, as illustrated by the bottom profile in Fig. 4 , even after a storage time of 1.985 ms, which corresponds to a total of 18 axial periods, the distribution remains relatively compact. Figure 5 shows representative SF 6 Ϫ radial ion arrival position distributions at the PSD. This distribution is derived from the ion arrival position distribution using the relation n(r)/r where n(r) is the number of ions detected in a small radial interval about r, measured from the trap axis. The data in Fig. 5͑a͒ correspond to the situation where ions injected into the trap are allowed to pass directly through it to the PSD by biasing the exit grid at a steady ϩ400 V. The measured radial distribution has a sharp cutoff at rϳ2 mm, the radius of the entrance aperture, showing that the ions do not suffer large deflections as they traverse the strong field inhomogeneities present at the entrance and exit of the magnet. The data in Figs. 5͑b͒ and 5͑c͒ are for storage times of 115 and 165 s which, as evident from Fig. 4 , correspond to the two extremes of ion motion in the trap. In both cases the radial position distributions are strongly peaked on axis confirming that the ions are indeed confined close to the trap axis.
IV. PERFORMANCE
The performance of the trap was initially evaluated by injecting atomic negative ions, specifically Cl Ϫ , Br Ϫ , and I Ϫ ions produced by the dissociative electron transfer reactions [9] [10] [11] K͑30p
The number of ions present in the trap is shown in Fig. 6 for each species as a function of storage time. The principal uncertainties in the data stem from variations in the Rydberg atom, and thus ion production rates associated with fluctuations in laser power and frequency, but these variations are small, typically Շ5%. The data indicate that atomic ions can be trapped and held without significant loss for times Ͼ100 ms. Furthermore, the results for Cl Ϫ ions were recorded with CCl 4 target gas introduced into the trap at a density of ϳ3 ϫ10 11 cm Ϫ3 , indicating that even for this relatively high background gas pressure (ϳ10 Ϫ5 Torr) collisional loss rates are small. As noted earlier, the present ion trap was developed to study complex molecular negative ions. Many large polyatomic molecules attach free low-energy electrons to form metastable parent negative ions that subsequently autodetach reverting to a neutral molecule and free electron, 12 leading to the reaction sequence
The lifetimes of the intermediate ions are frequently quite long, տ10 s, pointing to rapid intramolecular relaxation in which the excess energy in the negative ion, which is associated primarily with the electron affinity of the target and the kinetic energy of the captured electron, is rapidly redistributed among the internal degrees of freedom of the ion. The long lifetime is then attributed to the time that it takes for the negative ion to return to a configuration that will lead to autodetachment. Earlier work has shown that such nondissociative electron capture can also be investigated using Rydberg atoms. 13 For values of principal quantum number n տ20, the separation between the excited electron and core ion is such that it can be considered as a free particle, except that its momentum distribution is determined by its quantum state. Figure 6 includes results for SF 6 Ϫ * and C 7 F 14 Ϫ * ions formed through the electron transfer reactions
The SF 6 Ϫ * population in the trap decays slowly with time and is consistent with a mean lifetime against autodetachment of ϳ10 ms. This is the same as the lifetime measured earlier using a rf quadrupole trap for SF 6 Ϫ * ions formed in Xe(31f )/SF 6 collisions. 14 Free electrons produced by autodetachment remain confined to the trap and, upon ion extraction, give rise to the prompt narrow features indicated by arrows in Fig. 4 . ͑No similar free electron signal was observed when trapping atomic negative ions.͒ Detached electrons, however, can reattach to residual SF 6 molecules present in the trap creating new SF 6 Ϫ * ions. The time scale for such reattachment, which will increase the apparent SF 6 Ϫ * lifetime, can be estimated from the background SF 6 density in the trap, which is Շ10 10 cm Ϫ3 . Assuming that the mean kinetic energy of the electrons in the trap is ϳ0.3 eV, the rate constant k for their reattachment will be ϳ5 ϫ10 Ϫ8 cm Ϫ3 s Ϫ1 , 15 resulting in an attachment rate kՇ5 ϫ10 2 s Ϫ1 . The time scale for reattachment is thus տ2 ms and is sufficiently long that data recorded at early times provide a reasonable measure of the lifetime. It is worth noting that the long measured lifetime cannot be attributed to stabilization through energy transfer in collisions with SF 6 molecules in the trap. The Langevin rate constant 16 for SF 6 Ϫ /SF 6 collisions is expected to be ϳ10 Ϫ9 cm 3 s Ϫ1 which, for an SF 6 density of ϳ10 10 cm Ϫ3 , suggests a time scale of ϳ100 ms for collisional stabilization. This time scale is comparable to that expected for radiative stabilization through spontaneous emission. 16 Also, the long SF 6 Ϫ * lifetime is not a consequence of energy transfer in postattachment interactions 13 between the K ϩ and SF 6 Ϫ * ions initially created in Reaction ͑3a͒ because, at high n, these are typically formed at large separations. To check this, data were recorded using SF 6 Ϫ * ions produced in K(60p)/SF 6 collisions and, as illustrated in Fig. 6 , no significant change in the SF 6 Ϫ * decay rate was evident.
Lifetimes reported for SF 6 Ϫ * ions formed by free thermal electron capture depend strongly on the experimental technique used. Experiments using time-of-flight methods 17, 18 typically yield values of a few tens of microseconds, whereas ion-cyclotron-resonance methods 15, 19 suggest lifetimes of a millisecond or longer. In part, these differences might be explained by differences in the temperature of the target gas and the energy of the attached electrons, which leads to generation of SF 6 Ϫ * ions in a variety of different states that autodetach at different rates. A recent time-of-flight measurement using a jet-cooled SF 6 target 17 yielded a lifetime of ϳ19 s that was independent of electron energy in the range 0.4 to 120 meV. However, given that at nϭ30 the mean energy of the captured Rydberg electron is ϳ3 meV ͑Ref. 13͒ and that a significant fraction ͑ϳ30%͒ of the present SF 6 target molecules are in the ground vibrational state, it is difficult to reconcile this value with the results of this and earlier 14, 20 Rydberg atom studies. This discrepancy will be examined in the future through measurements using Rydberg atoms with different values of n and a heated interaction region.
Earlier experiments have shown that Rydberg atom collisions with c-C 7 F 14 can lead to formation of long-lived C 7 F 14 Ϫ * ions. 20 Data recorded using C 7 F 14 Ϫ * ions produced via Reaction ͑3b͒ are presented in Fig. 6 and point to a mean lifetime of ϳ2 ms against autodetachment. This is consistent with earlier studies of free thermal electron attachment in which the formation of C 7 F 14 Ϫ * ions with a lifetime of ϳ0.8 ms was reported.
12,21
The present measurements show that Penning traps based on cladded rare earth permanent magnets can provide stable trapping of heavy ions. Such traps are relatively straightforward to build and operate and are thus suitable for a wide variety of applications.
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